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Abstract A full mechanistic understanding of how secre-
tory cargo proteins are exported from the endoplasmic
reticulum for passage through the early secretory pathway
is essential for us to comprehend how cells are organized,
maintain compartment identity, as well as how they selec-
tively secrete proteins and other macromolecules to the
extracellular space. This process depends on the function of
a multi-subunit complex, the COPII coat. Here we describe
progress towards a full mechanistic understanding of
COPII coat function, including the latest Wndings in this
area. Much of our understanding of how COPII functions
and is regulated comes from studies of yeast genetics, bio-
chemical reconstitution and single cell microscopy. New
developments arising from clinical cases and model organ-
ism biology and genetics enable us to gain far greater
insight in to the role of membrane traYc in the context of a
whole organism as well as during embryogenesis and
development. A signiWcant outcome of such a full under-
standing is to reveal how the machinery and processes of
membrane traYcking through the early secretory pathway
fail in disease states.
Introduction
The early secretory pathway is made up of the endoplasmic
reticulum (ER), Golgi apparatus and intermediate compart-
ments between these two major stations (including transport
vesicles and tubules) and the ER-Golgi intermediate
compartment itself (Palade 1975). These intracellular com-
partments are in constant communication, with molecules
being passed from one donor compartment to a target com-
partment via discrete vesicles or convoluted networks of
tubules and vesicles (Bannykh and Balch 1997; Martinez-
Menarguez et al. 1999). Evidence also exists for direct con-
nections between compartments (e.g. Stinchcombe et al.
1995) that would signiWcantly complicate sorting and segre-
gation processes. Membrane traYcking must be a highly
organized process with each outward movement counterbal-
anced by a retrieval step whereby membrane and selected
proteins are returned to their original compartment of origin
(Bonifacino and Glick 2004; Salama and Schekman 1995).
Each transport vesicle must be highly selective for the pro-
teins that make up vesicle cargo, and for the fusion proteins
specifying the target membrane, so that traYcking within
the cell is kept well-organized and eYcient (Bonifacino and
Glick 2004; Salama and Schekman 1995). Here, we try to
provide a perspective on the formation of transport vesicles
from the ER. For further mechanistic detail, including subtle
diVerences between the animal systems primarily described
here and those in plants (Hanton et al. 2005), the reader is
referred to other excellent recent reviews in this area
(Gurkan et al. 2006; Kirk and Ward 2007; Lee and Miller
2007; Mancias and Goldberg 2005).
ER exit sites
The export of proteins from the ER has been well deWned in
yeast (both Saccharomyces cerevisiae (Schekman and Nov-
ick 2004) and Pichia pastoris (Rossanese et al. 1999)) and
mammalian cells (Bannykh and Balch 1997). In S. cerevi-
siae, budding appears to occur stochastically across the
entire ER membrane. In P. pastoris and metazoans, the
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budding event is highly organized, occurring at discrete
sites on the ribosome-free ER, called transitional ER (tER)
or ER exit sites (ERES) (Bannykh et al. 1996; Orci et al.
1991; Palade 1975; Tang et al. 2005). These sites are deW-
ned by the presence of COPII proteins (Barlowe et al.
1994), the core machinery that directs the budding event.
Figure 1a shows the localization of ERES (using a COPII
marker, Sec24C) and Golgi membranes in a HeLa cell
spread on a glass coverslip. COPII is a multi-subunit com-
plex that mediates the accumulation of secretory cargo, the
deformation of the membrane and generation of subsequent
transport vesicles. The localization of ERES within the ER
membrane is shown in Fig. 1b. The mechanism of assem-
bly and function of this complex forms the core of this
review.
ERES are relatively immobile structures (Stephens et al.
2000) and face out towards assemblies of vesicular-tubular
structures (VTCs), also known as ERGIC clusters (ER-
Golgi-intermediate compartment) (Bannykh and Balch
1997; Scales et al. 1997; Schweizer et al. 1990). These
ERGIC clusters are COPI positive, cargo-rich compart-
ments that mediate the traYcking of secretory cargo
between the ER and the Golgi (Appenzeller-Herzog and
Hauri 2006; Schweizer et al. 1990). Figure 1c shows the
spatial distribution of ERES and ERGIC at high magniWca-
tion; one can clearly observe the close juxtaposition but
clear oVset between the two compartments. ERES are dis-
tributed throughout the cytoplasm but also cluster in the
juxtanuclear area of cell types with a classic juxtanuclear
Golgi (Bannykh et al. 1996; Hammond and Glick 2000;
Orci et al. 1991; Stephens et al. 2000). Over half the ERES
present cluster at the ER-Golgi interface within this region
and data exist that give intriguing glimpses of the possibility
of membrane connectivity between ERES and Golgi struc-
tures (Ladinsky et al. 1999; Sesso et al. 1992; Stinchcombe
et al. 1995).
Studies in S. cerevisiae show well-organized ERES to be
absent. Instead vesicular budding is not conWned to a
certain sub-domain within the membrane but occurs
throughout the ER (Rossanese et al 1999). This structural
diVerence between yeast strains has brought about the
theory that deWned ERES evolved to produce a higher order
of COPII budding. This level of organization might reXect
some developmental requirement based on multicellularity,
or could arise from the need for ERES to take on higher
order organization in speciWc cell types such as muscle
Fig. 1 Localization of COPII in 
mammalian cells. a Sec24C 
(COPII, green) and giantin 
(a marker of the cis-/medial-
Golgi, red) in HeLa cells. Note 
the close proximity of the two 
structures in the juxtanuclear 
region results in apparent 
colocalization and yellow 
colouring in the merge. Bar 
10 m. b Sec24C (red) and 
calnexin (green) show the 
presence of ERES on ER 
membranes. Bar 10 m. 
c ImmunoXuorescence labelling 
of methanol Wxed HeLa cell 
shows the close apposition but 
distinct localization of Sec24C 
(COPII, green) and ERGIC-53 
(red, a marker of the ER-Golgi 
intermediate compartment). 
Arrowheads highlight the clear 
separation of the two structures. 
Bar 5 m. Individual green and 
red channels are shown along-
side the merge for clarityHistochem Cell Biol (2008) 129:129–151  131
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cells (Ralston et al. 2001) and neurons (Horton and Ehlers
2004). COPII coated ERES are able to undergo Wssion and
fusion events that appear to control ERES size (Stephens
2003), as well as being able to form de novo (Bevis et al.
2002; Stephens 2003). The core COPII components are
peripheral membrane proteins; their constant cycling on
and oV membranes (Stephens et al. 2000) makes such con-
trol possible. Further examination of the mechanism under-
lying ERES organization requires a discussion of the
components of the COPII coat. Here, we attempt to provide
some historical background to our understanding of COPII
assembly and function, but from the start we attempt to
incorporate the latest Wndings in this area.
An overview of the COPII coat
COPII complex components undergo several rounds of
export from the ER. COPII recruitment is initiated by the
activation of the small GTPase Sar1 (Nakano et al. 1989)
by its ER-localized GEF Sec12 (Nakano et al. 1988). Upon
exchange of GDP for GTP, Sar1 exposes an N-terminal
amphipathic tail, which inserts into the lipid bilayer (Bielli
et al. 2005; Lee et al. 2005). Once tightly associated with
the membrane, Sar1 recruits a heterodimeric complex com-
prising of Sec23/24 (Barlowe et al. 1994; Hicke and Schek-
man 1989; Hicke et al. 1992; Kaiser and Schekman 1990).
Sec23 acts as a GAP for Sar1 (Yoshihisa et al. 1993)
increasing the very low rate of hydrolysis by Sar1. Sec24 is
required for cargo binding, and together with cargo, Sec23,
and Sar1 forms the prebudding complex (Aridor et al.
1998). COPII budding can be reproduced in vitro using
synthetic liposomes with which the Wve core COPII compo-
nents alone (Sar1, Sec23/24 and Sec13/31) are suYcient to
deform the membrane and generated coated vesicles (Mats-
uoka et al. 1998). Inner coat subunits Sec23 and Sec24 are
structurally similar and form a “bow-tie” shape (Lederkr-
emer et al. 2001). The presence of basic residues on the
concave inner side of the heterodimer potentially enhances
membrane association (Bi et al. 2002). Subsequent recruit-
ment of the heterotetramer Sec13/31, consisting of two
Sec13 and two Sec31 subunits, permits minimal cage for-
mation acting as a structural scaVold for the outer layer of
the COPII coat (Fath et al. 2007; Stagg et al. 2006).
In mammals, multiple isoforms exist of nearly all COPII
subunits, each encoded by a diVerent gene. These are gen-
erally denoted with an alphabetical suYx and we use this
nomenclature here. Database searching reveals two iso-
forms of Sar1 (Sar1A and Sar1B), two Sec16 isoforms
(which we denote A and B, see below), two of Sec23,
(Sec23A and Sec23B) four Sec24 isoforms (A-D), one
bona Wde Sec13 isoform, and two of Sec31 (A and B). This
has important implications for coat assembly and cargo
selection, and, as we shall discuss below, has great rele-
vance to COPII function in certain disease states. Further
complexity arises from splicing and posttranslational modi-
Wcation of some components (e.g. see Dudognon et al.
2004; Salama et al. 1997; Stankewich et al. 2006).
Organization of ERES: a platform for COPII assembly
Given the diVerences in organization of COPII budding
between species, an obvious question arises—how this
organization is achieved? Sec16 was identiWed in the origi-
nal screen for secretory pathway mutants in yeast (Novick
et al.  1980; for an overview see Schekman and Novick
2004). Upon mutation of the Sec16 gene it was observed
that secretory protein precursors rapidly accumulated in
their core-glycosylated forms suggesting COPII transport
to the Golgi had been blocked (Novick et al. 1981). Elec-
tron microscopy of Sec16 mutants has also shown an
absence of the distinct 40–80 nm COPII transport vesicles
(Kaiser and Schekman 1990). Sec16 encodes a large
(»240 kDa) protein proposed as having three functional
domains separated by clusters of proline residues acting as
structural spacers (Espenshade et al. 1995). Overexpression
of Sec16 in yeast is lethal, a function that maps to the N-ter-
minus of the protein deWning one functional domain
(Espenshade et al. 1995); two other domains can be deWned
by a »250 amino acid central conserved domain and a
smaller C-terminal domain that interacts directly with
COPII coat protein subunits Sec23, Sec24 and Sec13/31
(Espenshade et al. 1995; Gimeno et al. 1996). Yeast two
hybrid and direct binding experiments have identiWed that
both inner and outer COPII subunits, Sec24 and Sec13/31,
bind to the central conserved domain of Sec16. Sec23 inter-
acts with the C-terminal domain, to which Sec24 also binds
weakly (Gimeno et al. 1996; Shaywitz et al. 1997). There-
fore, Sec16 probably serves as a scaVold onto which COPII
subunits assemble (Supek et al. 2002).
Further information relating to the function of Sec16
came with the identiWcation and characterization of Sec16
from other species. Initial key work in this area arose from
the use of P. pastoris as a model for the study of membrane
traYcking. This system has proven so useful as it shows a
level of organization above that of S. cerevisiae but is still
genetically tractable (Gould et al. 1992; Payne et al. 2000).
P. pastoris Sec16 localizes to ERES (transitional ER)
(Connerly et al. 2005) and is speciWcally involved in the
determination of these sites and potential stabilization of
the COPII coat. A screen for temperature sensitive mutants,
generated from chemical mutagenesis, identiWed one partic-
ular missense mutation shown to be signiWcant to ER
export (Connerly et al. 2005). This mutant, termed dot1,
lies within the central conserved domain region of Sec16132 Histochem Cell Biol (2008) 129:129–151
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consequently causing disruption of the typical ERES
phenotype (Connerly et al. 2005). Conversely, upon over-
expression of a GDP-restricted Sar1 mutant Sar1T34N,
known to block COPII vesicle formation, ERES remain
intact (Connerly et al. 2005; Kuge et al. 1994). Further-
more, the membrane-bound GEF Sec12 is not responsible
for deWning ERES formation as when it is delocalized to
the general ER, ERES remain intact (Connerly et al. 2005).
However, one should note that mammalian Sec12 is local-
ized through the entire ER anyway (Weissman et al. 2001
and DJS unpublished observations). This fragmentation of
ERES resulting from the dot1 mutation, suggests a speciWc
role for Sec16 in coordinating COPII subunit assembly. It
is speculated that Sec16 prevents premature COPII subunit
disassembly upon Sar1-GTP hydrolysis with by linking
subunits via Sec16 self-association (Connerly et al. 2005).
This self-association mechanism results in the accumula-
tion of COPII subunits at speciWc domains of Wxed loca-
tions within the cell, in proximity to the cis-Golgi.
More recently, metazoan orthologues of Sec16 have
been identiWed, the best characterized of which is now that
from human. Sec16 sequences from yeast species S. cerevi-
siae and P. pastoris show highest homology within the cen-
tral conserved domain; homology searching with this
central domain of yeast Sec16 led to the identiWcation of
the human orthologue (Bhattacharyya and Glick 2007;
Iinuma et al. 2007; Watson et al. 2006), which was origi-
nally annotated as KIAA0310 (by the Kazusa consortium
who identiWed this gene in a collection of large human
cDNA clones, Kikuno et al. 2004). The large (»250 kDa)
protein, KIAA0310 shows only 19.8% sequence similarity
to  S. cerevisiae Sec16 protein with the majority lying
within the central conserved domain. Both endogenous
(Watson et al. 2006) and GFP-tagged Sec16 (Bhatta-
charyya and Glick 2007; Iinuma et al. 2007; Watson et al.
2006) localize to ERES. Sec16 clusters in the juxtanuclear
area, aligned with yet distinct from Golgi membrane (Wat-
son et al. 2006). Peripheral punctate spots colocalize with
ERES markers Sec24C and Sec31A and are both long-lived
and stable (Watson et al. 2006). The localization of Sec16
to ERES is dependent upon Sar1-GTP as Sec16 mutations
are shown to be partially suppressed by the overexpression
of Sar1 (Saito-Nakano and Nakano 2000). In addition,
when a GDP-restricted form of Sar1 was expressed in
mammalian cells Sec16, Sec24C and Sec31A were almost
completely lost from punctate structures (Iinuma et al.
2007; Watson et al. 2006).
The distribution of Sec16 throughout the cell has been
analysed by subcellular fractionation experiments, and
although immunoXuorescence shows a large presence of
Sec16 at ERES throughout the cell, Sec16 is predominantly
cytosolic and is thought to cycle on and oV the ER
membrane in a Sar1 dependent fashion (Iinuma et al. 2007;
Watson et al. 2006). The S. cerevisiae protein becomes
incorporated in to budding vesicles (Espenshade et al.
1995). It remains to be determined whether this is also true
of the metazoan orthologues.
The depletion (using RNA interference) or overexpres-
sion of Sec16 gives rise to phenotypes that support a role
for Sec16 in the organization of COPII at ERES. Following
depletion of Sec16 expression, the number of ERES in a
cell decreases and protein transport from the ER is delayed,
but signiWcantly, it is not abolished (Bhattacharyya and
Glick 2007; Iinuma et al. 2007; Watson et al. 2006). In con-
trast, overexpression of Sec16 causes displacement of other
COPII subunits (Sec24 and Sec31) from ERES (Watson
et al.  2006), presumably due to sequestration of other
COPII subunits by recombinant Sec16. As seen in P. pasto-
ris, Sec16 is present at ERES at a concentration that is an
order of magnitude lower than that of COPII subunits, as a
result of this Sec16 is suggested to be a modulator of COPII
function rather than a stoichiometric subunit of the COPII
coat (Connerly et al. 2005). FRAP (Xuorescence recovery
after photobleaching) shows YFP-Sec16A, expressed at
low levels, to be rapidly recycling on and oV the membrane
(Watson et al. 2006). There are two immediately obvious
explanations for this; either Sec16 becomes incorporated
into the COPII vesicles, or it is being exchanged between
the membrane bound pool on the ER and the cytoplasmic
pool (Iinuma et al. 2007; Watson et al. 2006).
Database searching using the central conserved domain
of Sec16 also identiWed a second, shorter, mammalian
homologue of Sec16 (Bhattacharyya and Glick 2007). The
longer and shorter isoforms of Sec16 have been referred to
as Sec16L and Sec16S respectively; here, we use the
nomenclature of all other COPII subunit isoforms and refer
to the longer isoform as Sec16A and second, shorter one as
Sec16B. It is hoped that this nomenclature is also then
applicable to species in which there are two isoforms of
intermediate length such as Arabidopsis. Sec16B is
encoded by a diVerent gene to Sec16A and results in a
smaller 117 kDa protein; Sec16B is required for ER export
and a GFP-tagged form has been shown to localize to
ERES (Bhattacharyya and Glick 2007). There are also two
striking diVerences in their sequence homologies; Sec16B
does not contain the small conserved C-terminal domain
that is present in both yeast Sec16 and mammalian Sec16A,
and is also truncated at the N-terminus by >1,000 amino
acids (Bhattacharyya and Glick 2007). Therefore, it has
been proposed that Sec16A is analogous to yeast Sec16,
and that higher eukaryotes have evolved Sec16B as an
additional component.
The two isoforms are not functionally redundant
(Bhattacharyya and Glick 2007) suggesting potentially
complex functions in COPII-dependent export from the ER.
Evidence for Sec16A and Sec16B working in tandem withHistochem Cell Biol (2008) 129:129–151  133
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one another is accumulating. When GFP-tagged and trans-
fected into cells both constructs colocalize completely
(Bhattacharyya and Glick 2007). Both Sec16A and Sec16B
genes are known to be expressed in multiple tissue types,
and when knocked down singly, or together, they both
inhibit ER export demonstrating the same phenotypic dis-
ruption of ERES (Bhattacharyya and Glick 2007). The two
proteins probably also function together in a complex, since
co-expression of FLAG-tagged Sec16A or FLAG-tagged
Sec16B with GFP-Sec16A or GFP-Sec16B enables co-
immunoprecipitation of the two isoforms (Bhattacharyya
and Glick 2007). However, depletion of endogenous
Sec16B by siRNA appears to have no eVect on the pheno-
typic distribution of Sec16A (Bhattacharyya and Glick
2007; Iinuma et al. 2007). Although Sec16 is thought to be
required for ER export, the eVect of Sec16 depletion on the
transport of the classical transmembrane secretory cargo
tsO45-G from the ER is fairly minimal; tsO45-G can still
exit the ER but at a slower rate. It is possible that Sec16 is
required for eYcient export of certain cargo, but overall
remains nonessential (Watson et al. 2006). It is important to
note that the remaining endogenous levels of Sec16 can still
associate to apparently fully functional ERES (Watson
et al. 2006), thus it is possible that in fact the steady-state
number of ERES in a HeLa cell is in vast excess to what is
required and a much smaller number (around 15%) is in
fact suYcient for eYcient ER-to-Golgi transport. This
could have implications for systems in which a rapid up-
regulation of ER export is required such as plasma cell
diVerentiation.
The mechanism by which either isoform of Sec16 localized
to ERES in metazoans remains unclear. The minimal ERES
targeting regions that have been deWned show only weak
homology (Bhattacharyya and Glick 2007) .  I t  i s  a l s o
unclear whether they truly localize to ERES independently
of one another. It remains possible that these regions have
something to do with hetero-oligomer formation (Bhatta-
charyya and Glick 2007) and that in fact the ERES target-
ing information lies elsewhere.
Other potential COPII assembly factors have also been
identiWed including the nucleoside diphosphate kinase
Nm23H2 (Kapetanovich et al. 2005), which appears to
facilitate COPII vesicle formation independent of its kinase
activity. In addition, the Rab-interacting protein Yip1p is
also implicated in COPII vesicle formation (Heidtman et al.
2003). Yip1p interacts with the Ypt1p/Rab1 GTPase
(Calero and Collins 2002; Yang et al. 1998) and genetically
with several COPII subunits (Heidtman et al. 2003). It
forms a heterodimeric complex with Yif1p (Matern et al.
2000) and this in turn interacts with Yos1p (Heidtman et al.
2005). Genetic defects in each of these components show
reduced COPII vesicle formation. The mammalian ortho-
logue of Yip1p, Yip1A localizes to ERES (Tang et al.
2001). More recent data implicate another S. cerevisiae
protein, Smy2p, in the formation of COPII vesicles
(Higashio et al. 2007). The precise mode of action of these
proteins and roles either directly in vesicle formation, or
particularly in the case of Yip1p-Yif1p, later in vesicle teth-
ering and fusion (Barrowman et al. 2003), remains to be
fully deWned.
Quality control and ER export
A vital aspect to eYcient export of proteins from the ER is
to ensure that only those proteins that are correctly folded
and assembled are competent for export. This is a relatively
under-researched area at present that is sparking renewed
interest, particularly since the majority of “traYcking-
related diseases” (Aridor and Hannan 2000, 2002) are in
fact attributable to folding and assembly defects. In order to
exit the ER proteins must be properly folded and assembled
into their multimeric protein complexes (Ellgaard and Hel-
enius 2003). Misfolded or aggregated proteins are recog-
nized by chaperones as part of a quality control mechanism
for proteins leaving the ER (Ellgaard and Helenius 2003).
Chaperones cover up ER export signals, or anchor proteins
in the ER, as export of incorrectly formed proteins may
have detrimental eVects if they are transported onwards.
One proposed mechanism for overcoming ER retention
motifs comes from initial work on T cell and immunoglobulin
E receptors (Letourneur et al. 1995; Mallabiabarrena et al.
1992). Masking of the ER retention motif is thought to
occur during the association of protein subunits as they fold
into their quaternary multimeric complexes; unassembled
and incorrectly assembled proteins are prevented from exit-
ing the ER (Letourneur et al. 1995; Mallabiabarrena et al.
1992). Studies in neuronal cells support this theory, show-
ing that the retention of plasma membrane destined multi-
meric channels and receptors within the ER, occurs via a
dibasic motif. Upon protein folding this motif is masked
and the resulting complexes can undergo ER export (Ma
et al. 2002).
More recently, a second model for quality control of
exported proteins has been suggested involving mediation
by the chaperone complex 14-3-3 (O’Kelly et al. 2002;
Yuan et al. 2003). This mechanism for overcoming basic
signal mediated protein retention was discovered as a result
of direct binding assays showing a speciWc interaction
between both 14-3-3 and the COPI subunits -COP
(O’Kelly et al. 2002; Yuan et al. 2003). These foundations
suggest newly synthesized proteins are continually probed
as they are exported from the ER, along microtubules,
towards ERGIC or the cis-Golgi. Any misfolding that
occurs along route can be detected by 14-3-3 proteins,
which adjudicate the subsequent binding of COPI to the134 Histochem Cell Biol (2008) 129:129–151
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exposed dibasic motif so that unassembled cargo can be
recycled back to the ER (Nufer and Hauri 2003).
A requirement for multiple cargo export signals helps 
achieve eYcient ER export
Oligomerization of cargo not only helps in overcoming ER
retention signals, but also plays a role in mediating eYcient
ER export (Hurtley and Helenius 1989). Studying the role
that oligomerization of cargo proteins play on ER export
has proven diYcult as preventing proteins from oligomerizing
often results in protein misfolding and ER retention by
chaperones. The type I membrane protein ERGIC-53 pro-
vides and excellent model cargo protein for the study of ER
export and has so far formed the basis for much of this
research (Appenzeller-Herzog and Hauri 2006; Appenzel-
ler et al. 1999; Ben-Tekaya et al. 2005; Kappeler et al.
1997; Schindler et al. 1993). ERGIC-53 is a mannose-bind-
ing lectin, which serves as a receptor packaging selected
secretory cargo into COPII vesicles (Appenzeller et al.
1999; Moussalli et al. 1999). ERGIC-53 is an important
component of the cargo packaging machinery since humans
with an inherited mutation in this gene were unable to pack-
age blood clotting factors, Factor V and Factor VIII, result-
ing in excessive bleeding (Nichols et al. 1998).
Cargo capture via the COPII coat can be mediated by
dihydrophobic (e.g. –FF-) or diacidic (e.g. –DxE-) motifs in
the cytoplasmic domain (reviewed in Barlowe 2003). For
example, export of ERGIC-53 is dependent upon an FF
motif in the C-terminus of the cytoplasmic domain (Itin
et al. 1995). Indeed other work has shown that C-terminal
valine residue, appropriately spaced from the membrane, is
alone suYcient to direct eYcient export (Nufer et al. 2002).
Current thinking favours a model whereby cooperation
between features within both the cytoplasmic and trans-
membrane domains, as well as the correct optimal oligo-
meric presentation of cargo, are required for eYcient export
of Type I membrane proteins from the ER (Nufer et al.
2003; Otte and Barlowe 2004; Sato and Nakano 2003).
When the FF motif of ERGIC-53 is appended to reporter
proteins, it alone is not suYcient for ER export (Kappeler
et al.  1997). Subsequently, when the FF motif from the
cytoplasmic domain of ERGIC-53 is removed, ERGIC-53
can still export the ER but does so at a slower rate than wild
type ERGIC-53 (Itin et al. 1995; Kappeler et al. 1997). This
started the search for other signals required for a coopera-
tive export mechanism. Homology searches identiWed resi-
dues that could potentially prove important for export
(Nufer et al. 2003). Three possible export determinants
were probed further; phenylalanine F509 at position-2 from
the C-terminus, glutamine Q501 (working as part of an
RSSQE motif) in the cytoplasmic domain, and a non-con-
tiguous motif in the transmembrane domain that is required
for the correct oligomerization of ERGIC-53 (Nufer et al.
2002,  2003). In the cytoplasmic domain F484 mediates
COPII binding, whereas Q488 accelerates transport (Nufer
et al. 2003). The mechanisms for this are still uncertain,
current views suggest the less highly conserved Q488 assists
F484 by mediating its optimal presentation to the COPII
subunit Sec24 (Nufer et al. 2003). This mechanism is likely
to be a result of hydrophobicity and structure of the cyto-
plasmic domain.
Immediately following its synthesis, ERGIC-53 forms
homodimers and homohexamers via disulphide bond for-
mation between two highly conserved cysteine residues,
C466 and C475, close to the membrane (Nufer et al. 2003). If
either, or both, cysteines are absent ERGIC-53 is unable to
hexamerize, although ERGIC-53 homodimers remain sta-
ble and have similar stability to the wild-type protein. Sta-
bilization of oligomers by disulphide-bond formation is
therefore not a requirement for export but instead appears
to be a non-obligatory but preferable event resulting in
eYcient ER export. The results of chemical crosslinking
experiments between constructs unable to form disulphide-
bonds helped conWrm this theory (Nufer et al. 2003). The
ability to oligomerize eYciently is contributed to three resi-
dues in the TMD, F484, Q488, Y498, whose absence results in
the formation of aggregates. Q488 is strictly conserved,
whereas both F484 and Y498 aromatics are less highly con-
served (Nufer et al. 2003). Helical wheels show all three
residues to be present on the same side of the alpha helix;
this allows the polar properties of Q488 to drive oligomeri-
zation via association of these hydrophobic stretches of the
TMD amphipathic helixes in the membrane (Nufer et al.
2003). In summary, dimerization is mediated by disulphide
bond formation and further hexamerization occurs via
TMD associations between amphipathic helices. Both
mechanisms alone are suYcient for ER export, however,
when dimerization occurs prior to hexamerization the disul-
phide bonds formed help stabilize helices and mediate helix
packing events via the correct presentation of Q488 (Eilers
et al. 2000; Nufer et al. 2003). This cooperation between
mechanisms results in the most eYcient ER export.
The length of the transmembrane domain aids the sorting
of various transmembrane proteins within the exo-endo-
cytic system; this includes protein retention in the Golgi,
segregation of membrane proteins into intracellular organ-
elles in Toxoplasma gondii, and tail-anchored protein sort-
ing from the ER to the plasma membrane to name a few
(Bulbarelli et al. 2002; Karsten et al. 2004; Munro 1995).
For ERGIC-53, the length of the transmembrane domain
did not seem to aVect membrane association, but instead
showed an eVect on transport eYciency (Nufer et al. 2003).
The optimal transmembrane length for eYcient ER export
is 21 amino acids, when past this optimal number exportHistochem Cell Biol (2008) 129:129–151  135
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from the ER directly slows (Nufer et al. 2003). This sug-
gests that a transmembrane domain of 21 amino acids
allows the clustering of ERGIC-53 into ERES domains.
The precise means by which TMD length dictates incorpo-
ration into COPII clusters remains to be determined. Upon
switching the transmembrane domain for a 18 leucine resi-
dues, ERGIC-53 became retained in the ER (Nufer et al.
2003). Cooperation between recognition signals and pre-
sentation of the optimal oligomeric form achieves an ER
export mechanism that is more controlled and selective.
This applies in multiple systems (e.g. see Otte and Barlowe
2004; Sato and Nakano 2003) and includes proper recogni-
tion of fusion competent SNARE pairings (Allan et al.
2000; Sato and Nakano 2005).
Kinetic assembly of the COPII coat
Stabilization of the pre-budding complex via 
a combination of GTPase, GEF and GAP activities
Several pieces of evidence point to a direct role for the
controlled rate of GTP hydrolysis by Sar1 as an important
factor in the incorporation of cargo into nascent buds.
First, inhibition of GTP hydrolysis by Sar1 using a muta-
tion that restricts Sar1 to the GTP-bound state (Sar1H79G)
causes transmembrane and soluble cargo to become accu-
mulated in pre-budding complexes that often accumulate
in the juxtanuclear region of mammalian cells; in contrast,
GPI-anchored cargo remains restricted to the bulk of the
ER (Stephens and Pepperkok 2004). Elegant reconstitu-
tion experiments have suggested that GTP hydrolysis by
Sar1, and its regulation by cargo proteins, acts to ensure
that improper cargoes are excluded from nascent buds
(Sato and Nakano 2004). Data remain controversial as to
whether all COPII vesicles are the same or diVer in their
composition or mechanism of production. Biochemical
data have shown that transmembrane and GPI-anchored
cargo can be found in distinct populations of COPII-
derived vesicles in yeast (Muniz et al. 2001). Similarly,
imaging of cells expressing GFP-tagged procollagen
shows that this particular cargo appears in vesicular-tubu-
lar transport carriers that appear to exclude other cargo
proteins (Stephens and Pepperkok 2002). It remains possi-
ble that kinetic diVerences in the rates of vesicle forma-
tion account for these distinctions. Furthermore, it is
likely that procollagen presents a particular biophysical
problem in terms of incorporating a 300 nm rod-like
structure in to a transport container. However, mechanis-
tic data implicate tethering and fusion machineries in the
generation and subsequent consumption of these vesicle
populations (Morsomme and Riezman 2002; Morsomme
et al. 2003).
Initial work on COPII reconstitution showed that it was
possible to generate COPII vesicles from minimal compo-
nents on lipid membranes of appropriate (generally nega-
tively charged) membranes (Antonny et al. 2001; Matsuoka
et al. 1998). Recently an assay was developed that enabled
analysis of one full cycle of COPII turnover on a membrane
incorporating transport-competent cargo. Exploiting Xuo-
rescence resonance energy transfer (FRET) between cargo
and coat, Sato and Nakano (2005) reconstituted cargo mol-
ecules in the form of SNARE proteins in to proteolipo-
somes along with puriWed, Xuorescently labelled Sec23/24
complexes (Sato and Nakano 2005) and Sar1. This system
allows a direct comparison between the time-course of
cargo disassembly, as monitored by FRET, alongside the
time-course for Sar1-GTP turnover, as monitored by trypto-
phan Xuorescence (Sato and Nakano 2005). The kinetics of
Sar1 binding to COPII inner coat subunits were measured
using the two Xuorophores; CFP-labelled SNARE proteins
as donors, and YFP-labelled subunits Sec23/24 as accep-
tors. Upon addition of GMPPNP, a poorly hydrolysable
analogue of GTP resulting in stabilization of COPII sub-
units on the synthetic liposomes, energy transfer was
observed between subunits Sec23/24 and various SNARE
proteins (Sato and Nakano 2005). In other systems that lack
inclusion of cargo proteins, after GTP hydrolysis, COPII
subunits disassociate from the membrane due to lack of sta-
bility (Antonny et al. 2003; Matsuoka et al. 1998). In Sato
and Nakano’s system Sec23/24 remained membrane bound
upon interacting with v-SNARE Bet1p. For stabilization of
COPII inner proteins by t-SNARE Sec22p (Sato and Nak-
ano 2005), it was necessary for Sec22 to be present along
with its partner proteins as part of the t-SNARE complex
presumably to eYciently engage with Sec23/24 (Miller
et al. 2003; Mossessova et al. 2003).
These important experiments allowed for analysis of the
requirement for Sar1-GTP in the maintenance of cargo-coat
interactions. This showed that Sec23/24 remained associ-
ated with the membrane (through interaction with cargo)
for much longer time frames than the rate of GTP hydroly-
sis by Sar1. Further to this, the continual reactivation of
Sar1 was facilitated by the presence of Sec12plum, the
cytosolic domain of the Sar1 GEF, Sec12. In this case, the
interaction between Sec23/24 and SNARE proteins is pro-
longed further still suggesting that multiple rounds of Sar1-
GTP cycling facilitate sustained interaction of Sec23/24
with cargo (Sato and Nakano 2005). To test this idea
directly, the authors added unlabelled Sec23/24p subunits
and found that in the presence of incomplete t-SNARE
complexes, exchange of these subunits with their YFP ver-
sions on the membrane occurred indicative of continued
Sec23/24 turnover. When acting as part of the fully formed
t-SNARE complex the exchange of Xuorescent subunits for
non-Xuorescent subunits is not observed, consistent with a136 Histochem Cell Biol (2008) 129:129–151
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sustained interaction of Sec23/24 with the t-SNARE
complex. Interactions between membrane recruited Sec23/
24 and anionic phospholipids alone cannot bring about
stabilization (Matsuoka et al. 1998); this Sar1-independent,
SNARE-based, COPII subunit stabilization allows time for
the maximum possible accuracy of cargo recognition and
sorting. SNAREs have not only been shown to stabilize
Sec23/24 on the membrane, but have recently been pro-
posed to play a role in modulating the GAP activity of
Sec23 (Sato and Nakano 2004). It is suggested that through
binding to SNAREs, Sec23 becomes optimally orientated
in order for Sar1 to catalyze GTP hydrolysis (Sato and
Nakano 2004).
COPII subunit dynamics in living cells
Initial work using live cell imaging to deWne COPII dynamics
in cells showed that COPII-coated ERES are relatively
immobile, undergoing only short range movements within a
conWned area (Hammond and Glick 2000; Stephens et al.
2000). Occasional long-range movements are observed but
these are not directed towards any particular cellular target
and could result from repositioning of the underlying ER.
More recent work suggests that opposing motor proteins
might act in positioning ERES within cells (V. Gupta and
D.J.S., unpublished observations) but it remains unclear
how the position of ERES relates to their function.
Early measurements using Xuorescence recovery after
photobleaching (FRAP) of GFP-tagged ERES markers
showed relatively slow turnover times of the order of
around 40 s (Stephens et al. 2000). The ability to bleach
individual ERES, and measure their subsequent recovery
rates, has improved sampling frequencies and led to a re-
evaluation of this original data. If one bleaches a large area
of cytoplasm, then one observes a slow turnover time for
COPII subunits (Stephens et al. 2000) owing to bleaching
of both the ERES and surrounding cytosol. In contrast,
photobleaching of a much smaller area incorporating a sin-
gle ERES reveals a half time for recovery of Xuorescence
of around 4 s (Forster et al. 2006). This suggests that there
is a local concentration of COPII subunits within the cyto-
sol in the immediate vicinity of ERES. Other work has
hinted at such a possibility before (Orci et al. 1991) but it
remains unclear as to how this local concentration is
achieved.
FRAP analysis of the turnover activities of COPII com-
ponents Sar1, Sec23, and Sec13 has allowed further analy-
sis of how the balance between GTPase and GAP activity
controls the membrane association of the COPII coat
(Forster et al. 2006). Advances in imaging technology have
enabled us to determine turnover rates of each individual
component at a single ERES. Each turnover rate is now of
the order of <5 s. It should be noted of course that these
measurements are global population measurements for
COPII subunits within a single ERES. Experiments in
which the amount of cargo within the ER was modulated
were also entirely consistent with in vitro data described
above in that they showed that membrane association of
COPII subunits is modulated (i.e. sustained) by the pres-
ence of transport competent cargo in the ER (Forster et al.
2006). This mechanism of cargo regulating coat subunit
kinetics is also employed by the COPI coat assembling of
VTC and Golgi membranes (Presley et al. 2002). A signiW-
cant Wnding in terms of the mechanism of COPII assembly
was that the coat components could continue to cycle on
and oV the membrane in the presence of a GTP-restricted
form of Sar1 (Sar1H79G) (Ward et al. 2001), albeit with
reduced recovery. These data showed dynamic association
of COPII components with membranes despite perturbation
of the GTPase cycle of Sar1. Cargo (YFP-p58, the rodent
ERGIC-53 orthologue) could also dynamically associate
with these structures (Ward et al. 2001), consistent with the
idea that these are in many ways reminiscent of pre-bud-
ding complexes.
Role of Sec12 in maintaining COPII coat assembly
Sec12 is a type II transmembrane protein that acts primarily
as a GEF for Sar1 (Barlowe and Schekman 1993; Weiss-
man et al. 2001). It is required to generate the active pool of
Sar1 in cells to trigger COPII recruitment and in vitro is
necessary for the formation of COPII on synthetic lipo-
somes in the presence of GTP. In the absence of Sec12,
COPII does not assemble unless a non-hydrolysable form
of GTP is included in the assay (Futai et al. 2004). The
experiments of Sato and Nakano (2005) and Futai et al.
(2004) clearly demonstrate a role for Sec12 in the continual
supply of Sar1-GTP during cargo capture by COPII. This is
presumably necessary to provide a suYcient membrane-
associated pool of Sar1 and Sec23/24 for cargo concentra-
tion to occur. Further complexity occurs upon recruitment
of Sec13/31 to the membrane. This outer layer of COPII
further stimulates the GAP activity of Sec23/24 by an order
of magnitude (Antonny et al. 2001; Bi et al. 2007). The
ratio of inner coat protein subunits Sec23/24 to the
exchange factor Sec12 is 14:1 (Futai et al. 2004). This sug-
gests the tenfold increase in GAP activity, occurring on
Sec13/31 binding, is required to overcome the approximate
tenfold ratio of Sec12 GEF activity to Sec23/24 GAP activity
to drive COPII uncoating once Wssion is complete (Futai
et al. 2004). Sec12 binds preferentially to nucleotide-free
Sar1 and is predicted to form a -propeller consisting of 7
WD repeats (Chardin and Callebaut 2002). Upon mutation
of a highly conserved asparagine, N40, present in theHistochem Cell Biol (2008) 129:129–151  137
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asparagine-rich loop of the Wrst blade, the catalytic activity
of Sec12Cp is reduced to only »2% of wild-type protein
activity (Futai et al. 2004). This mutation, along with three
others, shows critical defects in Sar1 binding and
Sec12Cp activity, which results in diminished coat stability
(Futai et al. 2004). This provides further evidence for
nucleotide exchange by Sec12p being responsible for sta-
bilising COPII coat assembly. In S. cerevisiae, a putative
Sec12 homologue, Sed4p, is present. Sed4p is an integral
membrane protein localized on the ER, which shares 45%
identity with the cytoplasmic domain of Sec12p (Gimeno
et al. 1995). SED4 exhibits genetic interactions with other
COPII components SEC12,  SEC16, and SAR1 (Gimeno
et al. 1995; Saito et al. 1999). The role of Sed4 in COPII
vesicle formation is unclear and no metazoan orthologue
has been identiWed.
In summary, after Sar1-GDP activation by membrane-
bound Sec12, Sar1-GTP inserts into the membrane and
recruits Sec23/24. The presence of cargo dramatically
increases the time Sec23/24 spends associated with the
membrane after GTP hydrolysis and subsequent membrane
release. Therefore, cargo is required to retain Sec23/24 on
the membrane via a “holding” mechanism providing time
for sustained, eYcient cargo sorting (Forster et al. 2006;
Futai et al. 2004; Sato and Nakano 2004).
An N-terminal amphipathic helix in Sar1 initiates 
membrane curvature
Upon activation of Sar1 by the membrane-bound GEF
Sec12, Sar1 undergoes a conformational change resulting
in the exposure of an N-terminal amphipathic helix, which
inserts into the lipid bilayer anchoring Sar1-GTP to the ER
(Huang et al. 2001). This membrane recruitment mecha-
nism is reversed by Sar1 GTP hydrolysis inducing a confor-
mational change in Sar1, which results in retraction of the
helix from its hydrophobic pocket in the membrane (Huang
et al. 2001). Subsequently, Sar1-GDP is released into the
cytosol. The eVect of this membrane insertion can be wit-
nessed on synthetic liposomes observed by thin-section EM
(Bielli et al. 2005; Lee et al. 2005). Incubating Sar1 and lip-
osomes alone showed no distinguishable eVects, however,
upon addition of GMPPNP these large spherical liposomes
deformed into long, narrow tubules (Lee et al. 2005). These
tubules have an average diameter of »26 nm, much smaller
than the average COPII vesicle. This dramatic eVect on the
membrane was conWrmed to be a direct result of Sar1
N-terminal helix insertion as Sar1 mutants were produced
that cannot undergo membrane deformation (Lee et al.
2005). These mutants have bulky hydrophobic residues,
which line the membrane contacting side of the amphi-
pathic helix, mutation to alanine removes the hydrophobic
force which provides the drive required for membrane
insertion of amphipathic helices.
Coupling coat protein assembly and cargo selection 
to membrane curvature
The bilayer couple hypothesis suggests that membrane
deformation results from asymmetric insertion of amphi-
pathic compounds into the lipid membrane; the asymmetry
between inner and outer lipid bilayers induces spontaneous
membrane curvature (Chernomordik and Kozlov 2003;
Farsad and De Camilli 2003). However, a second mecha-
nism proposes that after membrane insertion of the Sar1-
GTP N-terminal helix it is the subsequent binding of Sec23/
24, via electrostatic interactions with the lipid bilayer, that
“captures” these deformations (Bi et al. 2002; Lee et al.
2005). In this model, recruitment and binding of outer
COPII subunits Sec13/31 acts to propagate membrane cur-
vature from the initial membrane deformation until a fully
coated vesicle is formed (Lee et al. 2005).
Like other members of the Ras superfamily of G proteins
Sar1 requires GTP hydrolysis to disrupt switch regions in
the protein which cause disruption to the hydrophobic
pockets in which the amphipathic helix usually resides
(Huang et al. 2001); this disruption results in Sar1-GDP
membrane release. Upon deletion of the amphipathic helix,
Sar1 can still bind and turnover GTP in the cytosol, as well
as retaining its ability to recruit and bind Sec23/24 (Lee
et al. 2005). As expected, in this case synthetic liposomes
remained large and spherical, as membrane deformation
could not be induced. Upon restoring the ability of Sar1 to
attach to the membrane, the kinetic turnover rates of the
membrane-bound truncated form of Sar1 could be deter-
mined using tryptophan Xuorescence. The GTPase activity
of Sar1 was found to be independent of its membrane inser-
tion properties in conditions with and without Sec12,
Sec23/24, and Sec13/31. It was possible for the cytosolic
domain of Sec12 to stimulate nucleotide exchange on the
truncated form of Sar1. Altogether results show that mem-
brane insertion by the N-terminal helix of Sar1 is purely a
localization mechanism and does not appear to induce any
conformational changes in the protein but does serve to
deform the underlying lipid bilayer (Lee et al. 2005).
The outer layer: Sec13/31 structure and function
The outer layer of the COPII coat comprises two subunits,
Sec13 and Sec31, which assemble into heterotetramers con-
taining two copies of each subunit (Gurkan et al. 2006).
These heterotetramers oligomerize forming a cage, which
encompasses the prebudding vesicle. Empty COPII cages138 Histochem Cell Biol (2008) 129:129–151
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assemble in vitro from puriWed recombinant proteins mak-
ing it possible to solve their structure from cryo-EM and
single particle analysis (Stagg et al. 2006). The Sec13/31
cage can assemble into cuboctahedrons, polyhedrons with
eight triangular faces and six square faces. This represents
the minimal assembly of the outer layer. A cuboctahedron
has 12 identical vertices, with two triangles and two
squares meeting at each; and 24 identical edges, each sepa-
rating a triangle from a square. Each vertices consists of
four asymmetric edges, and it is the assembly of these verti-
ces that forms the geometric characteristic that directs the
assembly of the COPII cage (Stagg et al. 2006). There are
two basic structural features behind COPII cage formation,
WD40 motifs and -solenoid motifs (Fath et al. 2007;
Stagg et al. 2006). Together they provide the COPII cage
with structural stability as well as functional Xexibility. The
35 kDa Sec13 subunit is almost entirely composed of a
WD40 domain, providing six of the seven -propellers of
the seven-bladed -propeller motif (Fath et al. 2007). The
seventh  -propeller is provided by the N-terminus of
Sec31, with the remaining protein comprising two regions
of  -solenoid separated by a region of low complexity.
These motifs are required to contribute towards protein–
protein interactions at the cage vertices (Stagg et al. 2006).
Formation of the cage begins with the association of
Sec13 with Sec31 to form one complete WD40 domain
(Stagg et al. 2006). The second stage involves the assembly
of two Sec13/31 dimers to form a (Sec13-Sec31)–(Sec31-
Sec13) heterotetramer with the C-terminal -solenoid
motifs of the Sec31 subunits interacting to form the centre
of one asymmetric edge (Stagg et al. 2006). Lastly, the
association of multiple heterotetramers, via contacts
between four asymmetric edges forming one vertex,
Wnalizes the basic conWguration of the COPII cage (Stagg
et al. 2006). In total the COPII cage consist of a minimum
of 24 Sec13/31 heterotetramers. Ultimately, the number of
heterotetramers present determines the vesicle size. This
Xexibility in size is made possible by making small changes
in local contacts that form the vertices; and stems from the
ability of both WD40 and -solenoid motifs to overlap to
varying degrees (Stagg et al. 2007). It is also probably that
by being comprised of asymmetric associations between
edges this allows the generation of greater combinations of
asymmetrical vesicle cages (Stagg et al. 2007). The assem-
bly mechanism and a comparison to other coat assembly
processes are very nicely described in more detail in
(Gurkan et al. 2006).
The initial Sec13/31 crystal structure of the Sec13/31
complex (Fath et al. 2007) is incomplete, missing a large
part of the central domain, likely to be the part that contacts
the other COPII components. The minimal fragment of
Sec31 that can stimulate Sar1-GTPase activity has recently
been identiWed and turns out to lie within this proline rich
region. This proline rich domain in fact directly contacts
Sar1 and Sec23 (Bi et al. 2007) and the crystal structure of
the Sar1-Sec23-Sec31 ternary complex has been solved (Bi
et al. 2007). Sec31 directly contributes to the active site on
Sar1 positioning it for high eYciency GTPase activity. This
important crystallographic work provides a framework for
the entire assembly of the COPII coat and provides key
insight in to the likely positioning of the inner (Sec23/24)
layer relative to the outer (Sec13/31) layer. In addition to
the obvious interest for COPII biochemistry, this has key
implications in clinical cases where COPII function is
defective (see Boyadjiev et al. 2006; Fromme et al. 2007;
Lang et al. 2006 and described in detail below). The overall
assembly process for the COPII coat is summarized in
Fig. 3. Key aspects of this model are discussed in more
below. Figure 4 shows the completed minimal cage struc-
ture. The positioning of the inner Sec23/24 layer relative to
the outer Sec13/31 layer shows the potential accessibility of
both the inner layer of the coat and the underlying
membrane could be in the Wnal structure. This has impor-
tant implications for downstream vesicle function such as
tethering and signalling.
The role of the COPII coat during and after budding
Until recently, completion of COPII vesicle formation was
believed to be rapidly followed by uncoating. In the sim-
plest models of ER-to-Golgi transport in mammalian cells,
COPII vesicles uncoat and fuse to form larger carriers that
are subsequently transported along microtubules to the
Golgi (Mizuno and Singer 1994; Palmer et al. 2005b;
Presley et al. 1997; Thyberg and Moskalewski 1985;
Watson et al. 2005). The role of homotypic fusion and the
role of microtubules in transport are likely to be less signiW-
cant in yeast owing to the considerably shorter distances
along which transport carriers must travel to reach their
destination. However, there is now very good evidence for
homotypic fusion of COPII vesicles shortly after their
formation in mammalian systems.
In contrast to these simple models, recent data suggest
that in fact, the COPII coat, and speciWcally the Sec23/24
layer might in fact act in the recruitment of machinery
molecules necessary for subsequent processes. Two key
pieces of evidence point to this. First, Sec23 has been
shown to recruit the dynactin complex (Watson et al. 2005),
which works with dynein to drive motility towards the
Golgi (Presley et al. 1997). Second, tethering complexes
such as TRAPPI have been shown to associate with the
Sec23/24 layer (Cai et al. 2007) suggesting that in fact teth-
ering of vesicles together occurs before full uncoating. This
leads one to speculate on the nature of uncoating and per-
haps indicates that the Sec13/31 layer is lost at an earlyHistochem Cell Biol (2008) 129:129–151  139
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point with the inner, Sec23/24 layer being more stably
associated. This is emphasized by the recent discovery that
Sec23/24 is likely to be positioned beneath the Sec13/31
layer of the COPII coat. In a cuboctahedral structure
(Fig. 4) these inner components (including Sec23/24) could
therefore be accessible from the cytosolic side.
These Wndings have prompted the theory that tethers are
not simply structural links between donor and acceptor
membranes, the role they play in preceding membrane
fusion events is anticipated to be more complex. Broadly
speaking there are two forms of tethers; long coiled-coil
proteins, and more globular multi-subunit complexes. From
single particle EM analysis the TRAPP complexes,
TRAPPI and TRAPPII, are the best structurally elucidated
of all eight tethering complexes (Sacher et al. 2001). The
TRAPPI complex acts to speciWcally promote ER-to-Golgi
traYcking and is a large 300 kDa complex with the proWle
of a Xattened dumbbell (Kim et al. 2006; Sacher et al.
2001). Each lobe consists of one of two heterotrimers;
either trs20-trs31-bet3, or bet3-trs33-bet5, with a seventh
subunit, trs23, linking the two lobes (Kim et al. 2006).
TRAPPII is required for intra-Golgi or endosomal traYck-
ing to the late Golgi and includes all of same subunits as
TRAPPI, but with an additional three proteins; trs130,
trs120, and trs65 (Cai et al. 2005; Sacher et al. 2001).
When COPII vesicles exit the ER in yeast cells they
individually target and fuse to the cis-Golgi apparatus. In
mammalian cells after COPII budding occurs, the majority
of COPII vesicles undergo homotypic fusion events result-
ing in the formation of larger structures known as ERGIC/
VTCs (Xu and Hay 2004). This homotypic fusion step is
required for soluble cargo concentration into fewer larger
transport carriers, making traYcking between the ER and
Golgi a less congested, and more energy eYcient process.
Tethering events involved in these homotypic fusion events
appear at be mediated by the TRAPPI complex (Yu et al.
2006). The TRAPPI subunit mBet3 is the most highly con-
served of all the TRAPP complex subunits and has been
detected by immuno-EM to be present on both COPII vesi-
cles and budding proWles (Sacher et al. 1998; Yu et al.
2006). Protein binding assays preformed in both yeast and
mammalian cells has shown a direct interaction between
mBet3 and the COPII inner subunits Sec23 (Cai et al.
2007). Based on the structure of the TRAPPI complex
(Kim et al. 2006), a mechanism for TRAPPI-mediated vesi-
cle fusion can be hypothesized. The TRAPPI complex may
act as a structural bridge between COPII vesicles with each
TRAPPI lobe heterotrimer becoming associated with a
diVerent COPII vesicle through an interaction between
Bet3 (located at each end of the TRAPPI molecule) and
Sec23 (Kim et al. 2006; Sacher et al. 2001). Although
TRAPPII also contains one Bet3 subunit per lobe the addi-
tional three component subunits could act to obscure the
Sec23 binding site (Cai et al. 2007). Thus, one can con-
clude that for these tethering events to occur COPII vesicles
must retain their inner coat subunits until recognized by
their speciWc tethering complexes. Further evidence in sup-
port of this idea comes from work showing that the Sec23/
24 layer can also interact directly with the GRASP homo-
logue in S. cerevisiae (Behnia et al. 2007). Together these
data strongly support the idea that recruitment of tethers
precedes full uncoating. The discovery of Rab exchange
factors binding coat protein subunits implies a potential
regulatory role for Rabs in vesicle uncoating (Cai et al.
2007). It is not yet known at what stage of uncoating vesi-
cle tethering occurs. COPII vesicles may require the loss of
Sec13/31 for the Bet3 binding site on Sec23 to become
exposed for tethering; likewise Sec13/31 may be required
on the budded vesicle for attracting accessory factors asso-
ciated with this or other processes.
Regulatory role for Rabs in COPII vesicle formation 
and fusion
The majority of membrane traYcking events within the cell
are regulated by Rab GTPases (Gillingham and Munro
2007). Rabs cycle between their cytoplasmic and mem-
brane-bound forms through the actions of GDI (guanine
nucleotide inhibitor) and GDF (GDI displacement factor)
proteins acting on the membrane-inserting prenyl group. So
far over 60 Rab proteins have been identiWed in mammalian
cells (Gillingham and Munro 2007). DiVerent subclasses of
Rab GTPases can be deWned by their compartment speciWc
properties, and recruitment of downstream signalling eVec-
tors. Through interacting with these eVectors Rabs regulate
multiple traYcking events such as; formation, tethering,
docking and fusion of various transport vesicles. Antero-
grade traYcking from ER to Golgi requires at least two Rab
isoforms, Rab1a and Rab1b (Tisdale et al. 1992). These
GTPases have been seen to localize at the ER–Golgi inter-
face and within the Golgi apparatus. They are associated
with two main roles; they interact with tethering proteins,
such as p115, GM130 and golgin-84, as well as playing a
role in COPI recruitment (Alvarez et al. 2003; Gillingham
and Munro 2007). Each of these features directly impacts on
COPII function. Many tethering proteins are known to be
either Rab eVectors or Rab exchange factors; examples
include EEA1 (Christoforidis et al. 1999) and TRAPPI (Cai
et al.  2005; Sacher et al. 2001) in endosomal membrane
fusion and, more relevant here, TRAPPI (Sacher et al.
2001). Rab1 (known in yeast as Ypt1p), is required to pre-
cede SNARE complex formation for yeast homotypic vacu-
ole fusion (Cao et al. 1998). Rab1 is also known to be
required for COPII tethering in vitro, with the TRAPPI com-
plex acting as a Rab1 exchange factor (Sacher et al. 2001).140 Histochem Cell Biol (2008) 129:129–151
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Recent data reinforce the importance of regulation of
Rab1 function at the ER/Golgi interface. TBC1D20 has
been deWned as a GTPase activating protein for Rab1 and
Rab2 (Haas et al. 2007). It is localized throughout the ER
network in a manner that is dependent, at least in part, on
interaction with reticulon proteins. Cells overexpressing
TBC1D20 have dramatically altered Golgi morphology
(Haas et al. 2007) while retaining unperturbed ERES mor-
phology. It is not itself enriched in COPII-coated structures
and could act by ensuring that Rab1 does not become acti-
vated at inappropriate locations prior to COPII assembly,
requiring Sec23-mediated recruitment of TRAPPI to occur.
Further roles for COPII in the biogenesis of VTCs: 
recruitment of COPI
Further recent discoveries provide major advances in our
understanding of the mechanistic coupling between COPII
and COPI. It has been known for many years that these two
coat complexes act sequentially during ER-to-Golgi trans-
port (Aridor et al. 1995; Scales et al. 1997; Stephens et al.
2000). When mammalian cells are labelled for COPII com-
ponents, ERGIC-53, and COPI components both their jux-
tanuclear and peripheral puncta are seen juxtaposed with
one another, and partial, but incomplete, colocalization is
observed (Martinez-Menarguez et al. 1999; Stephens et al.
2000) and see Fig. 1c. In many ways these VTC/ERGIC
elements can be considered to be functionally similar to the
earliest membranes of the Golgi itself—they contain both
anterograde and retrograde cargo and recruit COPI thereby
being the Wrst physical location for COPI-mediated
retrieval. The events that keep these components in close
contact are not well understood but it seems logical to sug-
gest there would be a mechanism in place to organize the
activities of both coat protein complexes. Such a mecha-
nism for COPII-COPI interplay, based on published data, is
shown in Fig. 2. This model indicates that the sequential
assembly and disassembly of the two complexes is linked
through recruitment and stabilization of these accessory
factors.
The basis for functional coupling of COPII to COPI
revolves around the TRAPPI tether and the Arf1-GEF,
GBF1. TRAPPI is a guanine nucleotide exchange factor
(GEF) for Rab1 (Jones et al. 2000). Gbf1 has a key role in
membrane dynamics at the ER–Golgi interface through its
direct action of the activation of Arf1 (Garcia-Mata et al.
2003; Niu et al. 2005; Szul et al. 2005, 2007; Zhao et al.
2002, 2006). It is also likely the direct target of brefeldin A
at this point in the secretory pathway (which stabilizes an
abortive complex of Arf1/Gbf1/GDP). GBF1 has recently
been identiWed as a new Rab1b eVector mediating COPI
recruitment to the ER-Golgi interface (Monetta et al. 2007)
thus linking Rab1b activation (by TRAPPI) to Gbf1 recruit-
ment. Rab1b has been shown to mediate the membrane
association properties of GBF1. When expressed in its
GTP-restricted form, Rab1b causes an increase in GBF1
and COPI association to peripheral structures located at
ERES (Alvarez et al. 2003; Monetta et al. 2007). Subse-
quently, when Rab1b is depleted from cells Arf1 membrane
association to ERES and the Golgi is aVected (Monetta
et al. 2007). Together these observations suggest a model
whereby Rab1b becomes recruited from the cytoplasm to
membranes at the ER-Golgi interface (Alvarez et al. 2003).
Gbf1 also interacts with the tethering protein p115 (Garcia-
Mata and Sztul 2003). GTP-bound Rab1b binds the N-ter-
minal domain of GBF1 (Monetta et al. 2007), with the C-
terminal domain of GBF1 able to bind the Golgi membrane
tethering protein p115 (Allan et al. 2000). p115 is known to
be required at an early stage of vesicle tethering (Alvarez
et al. 1999) and is directly involved in recruitment of other
key molecules such as GM130 (Moyer et al. 2001). Coiled-
coil tethering factor p115 interacts with speciWc COPII
associated SNAREs that are required for homotypic tether-
ing of COPII vesicles, and subsequent VTC formation
(Allan et al. 2000). As well as p115 bringing COPII vesi-
cles into close association for SNARE pairings, p115 initi-
ates SNARE complex formation via its N-terminal coiled-
coil region being weakly homologous to a SNARE motif
(Shorter et al. 2002). Thus a complex network of pro-
tein:protein interactions directs the tethering and fusion of
COPII-derived vesicles. These processes functionally link
the COPII and COPI complexes. Many questions remain
unanswered here including the means of regulation of this
system and just how many of these multiprotein assemblies
are present together at any one time. Is there a sequential
aspect to the process whereby for example following
recruitment of Gbf1 by TRAPPI, subsequent activation of
Rab1b by Gbf1 requires dissociation of TRAPPI?
There is considerable evidence that COPI recruitment is
indeed required for anterograde traYcking (e.g. Orci et al.
1997; Shima et al. 1999). It remains unclear whether this is
in fact a direct role, for example in the sustained recruit-
ment and activation of dynein, or whether it is in fact solely
involved in mediated retrograde recycling of proteins back
to the ER but that its physical presence on these membranes
is necessary for their function. One could envisage a series
of control checks in such a system by which COPI recruit-
ment is required for subsequent recruitment/activation steps
but in which COPI does not itself play a direct role.
While this model has its basis in published work there is
much that we are unclear about. Does Sec16 incorporate in
to vesicles budding from the mammalian ER? Just how
long do COPII components remain associated with nascent
structures that are beginning to recruit COPI? One must
remember that biochemical experiments on permeabilizedHistochem Cell Biol (2008) 129:129–151  141
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cells or in vitro assembly assays might not fully reXect
endogenous processes, notably in terms of thermodynam-
ics; similarly, imaging experiments are resolution limited or
hindered by Wxation and processing artefacts. Photobleach-
ing experiments currently provide only an ensemble aver-
age of multiple COPII proteins at ERES and not selectively
those engaged in vesicle formation versus those associated
with the ER membrane. Clearly, a combination of these
approaches is essential to a full understanding of these
events.
How do COPII vesicles prevent from fusing with the
ER? The answer to this appears to be complex but a spe-
ciWc mutant of Tip20p in yeast provides major clues.
Tip20p is a component of the SNARE complex mediating
fusion of retrograde COPI-derived vesicles with the ER.
A speciWc mutant, Tip20-8, results in cells in which
COPII vesicles can fuse back with the ER (Kamena and
Spang 2004). This strongly suggests that active mecha-
nisms exist that prevent this “back-fusion” and ensure
directional traYcking.
Fig. 2 Schematic model for 
COPII–COPI coupling. The 
model shows the assembly and 
putative coupling of COPI and 
COPII function in mammalian 
cells. Starting from the top, the 
model shows the early stages of 
assembly of the COPII complex, 
dependent on Sar1 and Sec16 
function. The blue box indicates 
events at the ERES and the pro-
tein components are labelled as 
detailed in the legend. This mod-
el is based on published work 
and includes known interactions. 
What is unclear is precisely how 
many of these interactions occur 
together i.e. just how large the 
complexes/subcomplexes can 
get. For example, we have no 
real idea whether there is a point 
at which Sec16 and COPI can be 
present on the same membrane/
vesicle. Sec16 is drawn as part of 
the budded vesicle as the true 
fate of Sec16 during the COPII 
assembly/budding process re-
mains unclear. At the stage of 
nascent VTC/tethering complex 
assembly (light blue) we have 
suggested that Sec13/31 dissoci-
ates. This is based on observa-
tions linking Sec23/24 to 
multiple important components 
that operate post budding such as 
TRAPPI and dynactin. The na-
scent VTC stage (light yellow) 
precedes complete loss of the 
COPII components, after which 
one is left with a COPI-coated 
VTC
ER membrane Recruitment of the COPII complex is 
initiated by Sec12 catalyzing guanine nucleotide
exhange on the small GTPase Sar1. Sar1-GTP 
subsequently recruits Sec16
Nascent COPII coated ERES GTP loading of Sar1
results in recruitment of Sec23-Sec24 which binds 
both to Sar1 and to the C-terminal domain of Sec16.
Nascent pre-budding complex Recruitment of
cargo results in the formation of a stable pre-budding
complex; Sar1 GTPase activity will cycle while
Sec23-24 will be stabilized by the presence of cargo.
“Rab activation” complex Sec23 can bind to 
TRAPPI via ineraction with Bet3; TRAPPI catalyzes
guanine nucleotide exchange on Rab1, activating this
small GTPase. Outside of this domain, TBC1D20, a 
Rab1-specific GTPase activating protein, restricts the 
pool of active Rab1 to these membrane domains. This
could occur concomitant with vesicle budding. 
“Arf1 activation” complex Rab1-GTP can bind to 
Gbf1 which acts as a guanine nucleotide exchange
factor for Arf1, resulting in Arf1 activation. In this 
case, both Sar1 and Arf1 can be active in the same 
membrane domain.
Nascent VTC / tethering complex assembly 
Activation of Arf1 would ultimately lead to recruitment 
of COPI. If this is indeed a semi-stable complex in cells, 
one would envisage this assembling prior to the 
completion of COPII coat formation and its subsequent 
disassembly. Retention of the inner layer of the 
COPII coat could be sufficient at this stage. 
Nascent VTC An intermediate stage of COPII uncoating
would mean that both COPI and COPII could be present
on nascent VTC membranes. From this point, loss of
multilpe components would presumably require 
recruitment of COPI to -KKXX (or other) tagged cargo for
retrival back to the ER. 
COPI coated VTC Final loss of the remaining COPII 
subunits leaves a COPI-coated VTC, effectively the
earliest Golgi-like structure. 
Sec12
Sar1-GDP
Sar1-GTP
Sec16
Sec23-Sec24
cargo
TRAPPI
Rab1-GTP
TBC1D20
Gbf1
Arf1-GTP
Tethering 
complex
COPI
Sec13-Sec31
SNARE
complex
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Regulation of COPII coat formation via signalling 
mechanisms
A key function of the ER in most eukaryotic cells is the
sequestration and storage of calcium from the cytosol. In
response to extracellular signals, calcium from the ER can
undergo rapid release and reuptake in order to trigger intra-
cellular signalling cascades (Berridge et al. 2000). To date,
the downstream eVects of highly Xuctuating calcium con-
centrations on the ER membrane surface have been specu-
lative as little research has been done into the eVects of
calcium Xuctuation on early secretory pathway traYcking.
A recent observation regarding the intracellular localization
of penta-EF-hand Ca2+-binding protein ALG-2, apoptosis
linked gene 2, has prompted research into the potential role
of calcium signalling in COPII vesicle formation. When
ALG-2 was expressed in HeLa cells, it localizes to ERES
(Shibata et al. 2007; Yamasaki et al. 2006). To conWrm this,
ALG-2 and ERES marker p125 (Tani et al. 1999) were co-
expressed and their partial colocalization was observed
(Yamasaki et al. 2006). When intracellular calcium levels
were increased, ALG-2 was distributed at the juxtanuclear
area colocalizing with COPII outer subunit Sec31A (la
Cour et al. 2007). Upon lowering intracellular calcium con-
centrations ALG-2 is seen to disperse from the juxtanuclear
area, which also shows a loss of Sec31A staining as
Sec31A dissociated from the membrane and remains cyto-
solic (la Cour et al. 2007). Experiments undertaken to
knockdown and mislocalize ALG-2 also exhibit a decrease
in the number of Sec31A puncta within the cells (la Cour
et al. 2007; Shibata et al. 2007). Although ALG-2 clearly
aVects intracellular distribution of Sec31A, there appears to
be no eVect on function as the amount of Sec13 binding to
Sec31 in ALG-2 knockdown cells remains unchanged (Shi-
bata et al. 2007).
Interestingly, this eVect of ALG-2 upon Sec31 is isoform
speciWc and only appears to aVect Sec31A; ALG-2 shows
no phenotypic eVect on Sec31B (la Cour et al. 2007). This
provides the Wrst key functional distinction between these
isoforms (Stankewich et al. 2006). Reasons for this are
unknown. Current results implicate a model in which cal-
cium binds to ALG-2 when intracellular calcium levels
reach a certain threshold value (la Cour et al. 2007). This
interaction induces a conformational change in ALG-2,
which allows ALG-2 binding to a proline-rich region of
Sec31 (Yamasaki et al. 2006). The conformational change
in ALG-2 may confer its ability to discriminate between
Sec31 subunit isoforms. A further conformational change
in Sec31A could result in a tighter association between the
outer coat of COPII and the inner coat, stabilizing Sec31A
at ERES.
Protein phosphorylation regulates many events in traYc
between the ER and Golgi. Roles have been proposed for
protein phosphorylation in the regulation of anterograde
transport (Aridor and Balch 2000; Muniz et al. 1996),
export of speciWc cargo (Scott et al. 2003), and in retro-
grade transport back to the ER (Cabrera et al. 2003). Many
of these eVects were initially ascribed to protein kinase
A (PKA) (Muniz et al. 1996) based on use of the inhibitor
H-89; more recent evidence suggests that H-89 may be act-
ing through inhibition of a diVerent kinase (Aridor and
Balch 2000; Jamora et al. 1999; Lee and Linstedt 2000).
PCTAIRE protein kinases interact directly with COPII and
regulate secretory cargo transport (Palmer et al. 2005a).
PCTAIREs are cyclin-dependent kinase (cdk) family mem-
bers with a single substitution (Ser!Cys) in the classical
cyclin binding motif. PCTAIREs do not appear to be regu-
lated during the cell cycle, or to associate with any cyclin
(Graeser et al. 2002). All cells and tissues examined
express at least one PCTAIRE isoform. These data (Palmer
et al. 2005a) show that mutations in the ATP binding site
that abolish kinase activity (K194R) (Graeser et al. 2002)
result in fragmentation of the Golgi and an inhibition of
anterograde cargo transport (transport of tsO45-G-GFP);
expression of activated mutants causes an equivalent
increase in the rate of cargo transport.
COPII-dependent budding from the ER has long been
known to be ATP- as well as GTP-dependent (Balch et al.
1986) and can be inhibited by the kinase inhibitor H-89
(Aridor and Balch 2000); it is conceivable that PCTAIRE
activity represents this ATP requirement. PCTAIRE
kinases bind 14-3-3 proteins (Sladeczek et al. 1997), which
have themselves been implicated in the control of ER
export. 14-3-3 proteins are believed to act in export by
masking speciWc retention signals in proteins, facilitating
their forward transport (O’Kelly et al. 2002). The associa-
tion of 14-3-3 with some cargoes (e.g. the KCNK3 K+
channel) in this scheme is regulated by phosphorylation
(O’Kelly et al. 2002); it is possible that PCTAIRE mediates
cargo phosphorylation and acts to transfer 14-3-3 to facili-
tate cargo export. A recent large-scale aYnity column pro-
teomic analysis has identiWed the Sec23/24 complex as
interacting with 14-3-3 proteins (Rubio et al. 2004). Thus
14-3-3 proteins could integrate PCTAIRE and COPII func-
tion. PCTAIRE kinases are highly expressed in terminally
diVerentiated and transformed cells and appear to regulate
neurite outgrowth (Graeser et al. 2002).
So far the mechanisms of ERES formation, COPII ves-
icle formation, and eYcient ER export have been dis-
cussed in terms of cooperative protein–protein
interactions. Additional protein–lipid, and lipid–lipid
interactions provide regulated modiWcation of ER mem-
brane phospholipid composition which are required to
support the cooperative interactions required for selective
transport. These include phospholipase D (PLD, Pathre
et al. 2003). Phospholipase D catalyses the hydrolysis ofHistochem Cell Biol (2008) 129:129–151  143
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the phosphodiester bond of glycerophospholipids to gen-
erate phosphatidic acid (PA) and a free head group. Trans-
port from the ER to the Golgi is PLD dependent (Bi et al.
1997); the role of PLD in COPII vesicle formation is com-
plex. It does not directly enhance COPII recruitment to
membranes but appears to act in facilitating the recruit-
ment of Sec23/24 following Sar1 recruitment (Pathre
et al.  2003). The authors invoke a model of localized
Sar1-stimulated phosphatidic acid production in COPII
vesicle formation. This would certainly provide a spatial
cue for COPII assembly but is diYcult to reconcile with
the localization of Sec12 to the entire ER membrane
thereby presumably leading to Sar1 activation across the
entire ER. Once more, the mechanism of restriction of
COPII dependent budding to ERES remains the elusive
component. The activation of Sar1p only supports coat
recruitment when a high proportion of acidic phospholipids
are present (Matsuoka et al. 1998). PA could be required
to stabilize activated Sar1 and Sec23/24 as both inner
COPII subunits have basic residues exposed on their sur-
face (Bi et al. 2002) where possible PA interactions occur.
It is likely that these protein lipid interactions are tran-
sient, indicating a role in the initial recruitment; sustained
stability could then be provided through subunit protein–
protein interactions. PA could also play an allosteric role,
modulating Sec23/24 for cargo recognition. The Sec23-
interacting protein p125 (Tani et al. 1999) has been identi-
Wed that appears to play a role in the organization of
ERES (Shimoi et al. 2005). The protein shows homology
to phosphatidic acid preferring phospholipase A1.
Recruitment to ERES appears to be mediated by a combi-
nation of the PA-binding domain and interaction with
Sec23. The cholesterol content of the membrane also has
a direct eVect on the export of secretory cargo from the
ER (Runz et al. 2006). SpeciWcally, reduction in the sterol
content of cells caused reduced mobility of a model cargo
protein within the ER membrane that correlated with a
reduced incorporation in to ERES. The rate of turnover of
Sec23 on the membrane was also reduced in sterol-
depleted cells. The interplay between COPII and sterol
biochemistry is illustrated beautifully but our understand-
ing of the pathways that sense the sterol requirements of
cells. In mammalian cells, sterol synthesis is regulated by
sterols themselves. Sterols regulatory element binding
proteins (SREBPs) require transport to the Golgi and sub-
sequent proteolytic cleavage in order to translocate to the
nucleus and act on the relevant genes for cholesterol syn-
thesis. High levels of sterols block the ER-to-Golgi trans-
port of SREBP cleavage-activating protein (SCAP), a
sterol-sensing protein that escorts SREBPs (Espenshade
et al. 2002). The mechanism underlying this appears to be
the selective inhibition of SCAP incorporation in to
COPII vesicles. Thus, SREBP/SCAP complexes remain
in the ER and SREBP remains transcriptionally inactive.
Incorporation of SCAP into COPII vesicles is mediated
through binding of a sorting motif-MELADL in SCAP to
Sec23/24 (Sun et al. 2005). A further component of the
system called Insig renders this motif inaccessible when
bound (Sun et al. 2007). The reduction in sterols in the ER
leads to dissociation of Insig and transport of SCAP/
SREBP to the Golgi.
Further data supporting a role for lipid composition in
regulating protein assembly at ERES comes from studies of
phosphatidylinositiol-4-kinases (PI4k) (Blumental-Perry
et al. 2006). The authors show that the FAPP1-PH domain,
through binding to PI4P inhibits ER export. Further to this,
they showed apparent recruitment of a GFP-FAPP1-PH-
domain to ERES in permeabilized cells. Interestingly, addi-
tion of PI4P appears to overcome the requirement for ATP
in COPII recruitment in vitro (Blumental-Perry et al. 2006).
Much of the data within this paper relies on the use of the
FAPPI-PH domain as a PI4P biosensor. It has been well
documented that this in fact requires the dual binding of
both PI4P and Arf1 for its recruitment to Golgi membranes
(Godi et al. 2004; Shin and Nakayama 2004); given the
proximity of Arf1 activation to COPII assembly, and the
fact that COPII and COPI show such close interplay in
terms of function (for examples see Scales et al. 1997; Ste-
phens et al. 2000), one could conclude that the observed
eVects could reXect PI4P-dependent processes adjacent to
rather than at ERES. Furthermore, use of the PH domain of
FAPP1 likely sequesters PI4P and potentially activates
Arf1-GTP, which could cause signiWcant perturbation of
ERES/VTC function.
Defects in secretory pathway functions can lead 
to disease
Our increased knowledge of the fundamental mechanism
underlying ER-to-Golgi transport has enabled us to gain
insight in to the molecular basis of a number of disease
states. As mentioned above, many diseases that are attrib-
uted to “traYcking defects” are in fact primary disorders of
protein folding and assembly. The traYcking element here
really relates to the important question of quality control in
terms of export of properly assembled cargo. However, an
increasing number of disease states are now directly attrib-
utable to defects in traYcking machinery. A good example
of this is the resulting defects in secretion of blood clotting
factors and delivery of lysosomal enzymes in patients with
mutations in ERGIC-53, a key cargo receptor for ER
export. This is described in previous sections and covered
in depth elsewhere (e.g. Zhang et al. 2003). Here, we will
deal with mutations in the core traYcking machinery i.e.
COPII.144 Histochem Cell Biol (2008) 129:129–151
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Cranio-lenticulosutural dysplasia and integration 
of COPII coat assembly
Cranio-lenticulo sutural dysplasia (CLSD) is an autosomal
recessive syndrome that results from a missense mutation
in Sec23A (F382L). This disorder aVects cranio-facial
development and skeletogenesis and appears to be due to a
defect in the deposition of extracellular matrix (Boyadjiev
et al. 2006). A chemical mutagenesis screen for phenotypes
aVecting craniofacial development in zebraWsh generated a
series of mutants with similar phenotypes (Neuhauss et al.
1996). One such mutant, crusher, is caused by a nonsense
mutation L402X in Sec23A and results in a truncated form
of Sec23A that is not functionally active (Lang et al. 2006).
The truncated domain is known to interact with Sar1; how-
ever, as this truncation aVects full Sec23A activity it is diY-
cult to specify the outcome of the mutation (Lang et al.
2006). Cartilage of the craniofacial region primarily con-
sists of type II collagen and is derived from cranial neural
crest cells that diVerentiate into chondrocytes. These colla-
gen-secreting cells with Sec23A mutations show a large
build up of procollagen which is retained inside distended
ER structures (Boyadjiev et al. 2006). The Sec23A muta-
tion is not lethal as presumably the majority of secretory
cargoes can still become exported from the ER. One inter-
pretation is that this results from the ongoing, normal, func-
tion of the second Sec23 isoform Sec23B. This could be
compounded by a preferential requirement for Sec23A in
the biogenesis of collagen-containing transport carriers.
Such isoform selectivity has been shown for other cargoes
(Wendeler et al. 2007). Recent data support the Wrst of
these conclusions (Bi et al. 2007; Fromme et al. 2007).
Cells from CLSD patients show a redistribution of Sec13/
31 to the cytoplasm (Boyadjiev et al. 2006); this suggests
that a failure to recruit and stabilize Sec13/31 at ERES pre-
vents procollagen secretion. Now Orci, Schekman and col-
leagues (Fromme et al. 2007) show that in vitro assays for
COPII-dependent budding, Sec23A containing the F382L
mutation is less eYcient in coupling to the Sec13/31 layer
and consequently inhibits COPII-dependent budding. They
further show that Sec23B is only expressed at very low lev-
els in calvarial osteoblasts (responsible for ossiWcation of
the cranial suture which is signiWcantly defective in CLSD
and Wbroblasts) which could explain several other aspects
of the clinical presentation of CLSD (Boyadjiev et al.
2003). Thus, the combination of mutation in Sec23A and
deWciency of Sec23B is proposed to result in ineYcient
coupling of Sec13/31 and the ensuing phenotypes. Further
complexity was revealed in these experiments in that Sar1
isoform selectivity in budding assays was revealed for the
Wrst time (Fromme et al. 2007). Intriguingly, Sar1A, but not
Sar1B, was found to partially rescue the defect in budding
observed when paired with Sec23A-F382L. Sar1A is in fact
expressed at high level in calvarial osteoblasts but evidently
not a suYcient level to overcome the defect arising from
F382L mutation in Sec23A (Fromme et al. 2007). This sug-
gests that Sar1A is not a limiting factor in COPII-dependent
budding and the authors suggest that in fact this is caused
by the low expression level of Sec23B. An alternative
explanation would be that impaired recruitment of Sec13/
31 has a greater eVect on the ER export of certain cargoes
such as collagen and other extracellular matrix components.
This could be caused by a speciWc requirement to generate
a transport carrier of such unusual dimensions [to accom-
modate the large, rod-like structure of assembled collagen
protoWbrils (Canty and Kadler 2005)]. Some evidence
exists for this possibility; coupling of Sar1A with Sec23A-
F382L leads to robust packaging of ERGIC-53 (Fromme
et al. 2007). siRNA silencing of Sec13 expression in mam-
malian cells does not signiWcantly reduce ER-to-Golgi
transport of tsO45-G (A.K. Townley and D.J.S., unpub-
lished observations).
A key outcome of the analysis of CLSD patient cells is
the clear accumulation of budding proWles on distended ER
(Fromme et al. 2007). These images show clearly that
COPII vesicle Wssion is inhibited in these cells. The nature
of COPII vesicle scission has remained elusive, notably in
the absence of any constricting force generator. These new
data suggest that the defect in coupling of Sec23/24 to
Sec13/31 causing ineYcient recruitment of the outer layer
leads to a failure of vesicle scission. This is elegantly rein-
forced by crystallographic data showing that Sec31 directly
contacts Sec23 in very close proximity to the F382 residue
(Bi et al. 2007). Furthermore, Sec31 also contacts Sar1
directly (Bi et al. 2007) and signiWcantly, this interface lies
on the same surface as the F382 residue in Sec23A, i.e. in
direct apposition with Sec31. Mechanistically, Sec31 con-
tributes to the GTP binding site of Sar1 and facilitates rapid
GTP hydrolysis by optimising the geometry of the active
site. In a complete vesicle, this would also position Sec23/
24 directly underneath Sec13/31 in the vesicle coat struc-
ture (Bi et al. 2007; Fath et al. 2007; Stagg et al. 2006).
Thus, Sec13/31 itself provides the driving force for COPII
vesicle scission. This role for Sec13/31 is shown in Fig. 3
in which recruitment of Sec13/31 occurs after membrane
curvature and cargo accumulation but precedes scission of
the vesicle (Fig. 4).
Chylomicron retention diseases
Mutation in Sar1B, one of the two human isoforms of
Sar1, causes clinically important defects in lipoprotein
metabolism (Jones et al. 2003). A number of diseases that
can be classiWed together as chylomicron retention dis-
eases (CMRDs) have now been conWrmed to be caused by
a speciWc mutation in the SARA2 gene encoding Sar1B.Histochem Cell Biol (2008) 129:129–151  145
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The mutations either cause truncation or signiWcant
changes in the immediate vicinity of the GTP binding site
of the protein. It is likely that these patients thrive because
they retain functional Sar1A and yet display a speciWc
defect in the assembly and secretion of a subset of apolipo-
protein particles, chylomicrons. It remains unclear whether
there is a direct defect in the packaging of lipoprotein par-
ticles here or if some other related pathway is perturbed.
The reader is referred to other literature on this subject for
a more detailed description of these disorders and the
underlying mutations (Jones et al. 2003; Shoulders et al.
2004). Sar1A and Sar1B show 90% amino acid sequence
identity and do not show any signiWcant diVerences in their
intracellular localization (DJS, unpublished observations).
Clearly Sar1B has at least one function that is non-redun-
dant with Sar1A; this diVerence could lie in coupling to a
speciWc packaging receptor for lipoprotein particles, or
involve the mobilization of lipid rather than protein. As
described above recent data show that Sar1 can directly
couple to the Sec13/31 outer layer of the COPII coat (Bi
et al.  2007; Fromme et al. 2007). The subtle diVerences
that have been uncovered between Sar1A and Sar1B in
these studies might also provide an explanation for the
molecular basis of the defect in CMRD. One possibility is
that the weaker aYnity of Sar1B for Sec13/31 facilitates
the formation of a Xexible cage required for the packaging
of chylomicron lipoproteins. This is probably over-sim-
plistic since other atypically large cargoes should also
show defective packaging and therefore one might expect
further clinical symptoms in patients in which Sar1B is
mutated. A clear deWnition of the molecular basis for
CMRD remains to be determined.
Fig. 3 Sequential assembly of 
the COPII coat structure. Fol-
lowing activation of Sar1-GDP 
to Sar1-GTP by the membrane-
bound GEF Sec12, Sec23/24 is 
recruited to the ER membrane. 
Sec23/24 provides the major 
cargo binding function of the 
coat. Sec12 could be geometri-
cally excluded from ERES be-
cause of membrane curvature. 
The Wnal outer layer coat com-
ponents Sec13/13 are recruited 
just prior to scission events, 
forming a vesicle. The minimal 
cage structure is shown; vesicle 
size would be dictated by cargo 
incorporation and potentially by 
other factors. These are schemat-
ic illustrations generated using 
Autodesk Maya 8.0 and are not 
intended as accurate rendering 
of the precise atomic coordinates 
from crystallographic data
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cargo
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Hijacking of COPII pathways by viruses and microbial 
pathogens
Many pathogenic bacteria and viruses are known to modu-
late host cell traYcking machineries. We know most about
modulation of endocytic systems during viral or bacterial
entry, notably through hijacking of clathrin-dependent
endocytic pathways (see Veiga et al. 2007 for an elegant
recent illustration of this). Increasingly, examples are com-
ing to light of viruses that exploit the COPII pathway dur-
ing their life cycle, for example the biogenesis of the
poliovirus particles (Rust et al. 2001) and the formation of
vacuoles used by Legionella for its replication (Robinson
and Roy 2006). Bacterial systems also co-opt host path-
ways to their own advantage. A good recent example of this
comes from the NleA protein from Escherichia coli. This
protein is transferred from the bacteria to host cells through
a type III secretion system where it localizes primarily to a
juxtanuclear compartment (Gruenheid et al. 2004). Recent
use of biochemical reconstitution of COPII-dependent bud-
ding has shown that NleA in fact binds to Sec24 modulates
COPII vesicle formation from the ER (Kim et al. 2007).
NleA appears to stabilize the binding of Sec23/24 to lipo-
somes in the presence of GTP, inducing the formation of
irregular aggregates of COPII proteins. These data suggest
that inhibition of COPII function is a contributing factor to
bacterial virulence. Many of these factors also aVect other
closely linked pathways such as the COPI system [for
recent examples see (Belov et al. 2007; Wessels et al.
2006)] and highlight the importance of a full molecular
understanding of host membrane traYcking pathways.
Conclusions
Clearly, our knowledge of membrane dynamics at the ER/
Golgi interface is far from complete. The combination of
technology available to us today, including yeast genetics,
biochemical reconstitution, live cell imaging and whole
organism physiology, should ensure that we rapidly reach a
greater understanding of the mechanistic basis for selective
cargo export and intracellular organization in health and
disease. Increasingly, our understanding will tend more
towards physiologically relevant systems and the diVer-
ences that underlie intracellular patterning and function in
diVerent species and cell types during and after diVerentia-
tion.
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